VACTERL association involves the presence of specific congenital, multi-organ malformations that tend to co-occur. Clinical and research efforts typically center on pediatric patients, and there is a scarcity of information in the literature regarding VACTERL-related issues and outcomes in adulthood. We describe here 11 adults with features of VACTERL association ascertained through our research study on the condition. In our cohort of adult patients, approximately 25% of medically significant malformations that are component features of VACTERL association, including 40% of vertebral, 50% of cardiac, and 50% of renal anomalies, were not identified during childhood. Additionally, medical sequelae of many of the primary malformations identified in infancy or early childhood persist or are first reported in adulthood. These sequelae can involve challenging medical and surgical management in adulthood. As most adults with VACTERL association are not specifically followed for VACTERL-related issues, a more uniform diagnostic work-up and a low threshold for investigation of medical sequelae of the primary disorder may enhance the quality of clinical management in these patients.
Introduction
VACTERL association, estimated to occur in approximately 1 in 10,000 live births [7] , is a recognizable group of congenital malformations that tend to coexist in a single patient. In 1973, Quan and Smith initially named the condition VATER association, which included vertebral defects (V), anal atresia (A), tracheoesophageal fistula (TE) with esophageal atresia, renal defects (R), and radial dysplasia (R) [26] . The condition was soon redefined as VACTERL association, with the inclusion of cardiac defects (C) and additional limb anomalies (L) [23, 26, 35] . Uncertainty persists regarding exact diagnostic criteria. For example, some studies, such as the relatively large clinical series described by Weaver et al. in 1986 [39] , required the presence of two component features for diagnosis, while others, including a follow-up study on that series [40] , require at least three component features [3, 4, 14, 29] . While several genetic causes have been implicated in a small number of human patients or in animal models [6, 11, 16, 27, 30, 34, 36] , evidence of causality has not been uniform, and no consistent etiology has been identified.
Because VACTERL association is defined by congenital anomalies, clinical and research efforts tend to center around pediatric patients. Several large studies have obtained patient information from databases on congenital malformations in infants [3, 4, 14, 15, 29] ; other sizeable cohorts have been described by pediatric geneticists or by pediatric surgical specialists, and focus mainly on infants and children [7, 32, 39] . While the outcomes of each of the component features have been studied separately, we located only one study examining long-term prognosis of adults with VACTERL association [40] ; this study included many patients previously described as children, some of whom were ultimately found to have alternate diagnoses. The results of this study highlighted the fact that while patients with "classical" VACTERL association may have medical challenges, long-term outcomes generally tend to be positive [40] .
Despite this, in our experience, many children diagnosed with VACTERL association are seen by pediatric geneticists and other pediatric specialists, but are not followed for issues related to VACTERL association in adulthood. The paucity of information regarding VACTERL-related issues that persist or begin in adulthood is becoming increasingly problematic: children with VACTERL association now survive to adulthood more frequently than do children diagnosed decades ago, due to increased availability and quality of surgical treatments for TE fistula [9, 18, 25] , imperforate anus [24, 28] , and congenital heart defects [8] , as well as enhanced ventilatory support, neonatal anesthesia, and intensive care management [9, 18] . Treatment of adults with VACTERL association is also complicated by the fact that although recurrence has been demonstrated in some families [2, 22, 32] , the majority of patients do not have an affected relative whose medical care can highlight pertinent clinical issues [16] .
Our research shows that many medically significant malformations may not be ascertained until after a patient's care has moved beyond the pediatric realm. Additionally, sequelae of malformations identified in infancy may not appear until later in life.
To address the need for information regarding clinical issues in adults with features of VACTERL association, we describe 11 adult patients diagnosed with VACTERL association.
Materials and Methods
Over the course of approximately two years, our IRB-approved research protocol at the National Human Genome Research Institute (National Institutes of Health, Bethesda, MD, United States) has accumulated a cohort of 107 patients, consisting of fetuses, infants, children, and adults previously diagnosed with multiple features of VACTERL association. Inclusion criteria for the overall research study includes at least one of the following: at least three core component features of VACTERL association, at least two core component features and another congenital anomaly, or at least two core component features and a firstdegree relative with at least one component feature. Patients were excluded if, either at first screening, or on later analysis, they were felt to likely meet criteria for an overlapping condition, either because of clinical features or results of genetic testing.
From this cohort, 11 adult patients were identified, with appropriate consent obtained from participants. All patients described here had been previously diagnosed or suspected to have VACTERL association (in Patients 1 and 10, who both had affected relatives, formal diagnosis was made upon participation in the study along with their affected family members). Participants were referred by clinicians or self-referred. Eight of the 11 patients were available to be contacted via telephone and/or e-mail for an extensive medical history. Six of the 11 patients, indicated by an asterisk (*) in section 3.2 of the Results, were additionally seen in person at the National Institutes of Health. For patients not seen in person, the telephone interview was supplemented by review of all available medical records provided by patients as well as those provided by referring clinicians in order to validate patient-reported information.
Results

Aggregate Results
Eleven patients (10%) out of our total cohort of 107 patients with features of VACTERL association were adults (see Table I for a summary of adult patients and Figure 1 for illustrations of selected findings). The adult group included five males and six females, with ages ranging from 28 to 64 years (mean 40 years). The average height in males was 170.2 centimeters; the average height in females was 159 cm. Eight patients (73%) demonstrated three or more component features of VACTERL association. Two patients (18%) had two component features of VACTERL association as well as clinical evidence of likely renal anomalies, but no further proof of that type of malformation. One patient (9%) had only two component features. In terms of specific component features, 10 patients (91%) had vertebral malformations, 5 (45%) had imperforate anus/anal atresia, 4 (36%) had cardiac malformations, 6 (55%) had a tracheoesophageal fistula (TEF), 4 (36%) had clear evidence of renal anomalies, and 4 (36%) had limb malformations. Three patients (27%) had genital malformations.
Five of the 11 patients (45%) were diagnosed with VACTERL association in childhood, and 8/11 (73%) were diagnosed at least 10 years before participation in our study. While the presence of imperforate anus/anal atresia, TEF, and limb anomalies were all diagnosed in infancy, vertebral anomalies were not diagnosed until adolescence/adulthood in 40% (4/10) of the patients with vertebral anomalies, cardiac anomalies were not diagnosed until adulthood in 50% (2/4) of patients with cardiac malformations, and renal anomalies were not diagnosed until adulthood in 50% (2/4) of patients with renal anomalies. Overall, 24% (8/33) of the core component features of VACTERL association in this cohort were not diagnosed until after childhood.
Karyotype testing was performed, with a normal result, in one patient (9%); microarray analysis (Illumina Omni1-Quad BeadChip) was performed, with a normal result, in 4 patients (36%); and no genetic testing had been reportedly performed (or known) for 6 patients (55%). No patients had evidence of developmental delay or neurocognitive impairment, or specific evidence for hydrocephalus. No patients described here had features highly suggestive of an alternate diagnosis.
Apart from Patients 1 and 2, who were father and daughter, patients were unrelated to each other. Patient 10 was the only other patient with a relative who also had VACTERL association. In Patients 1 and 2, inheritance appeared to be autosomal dominant, while Xlinked inheritance was most likely in Patient 10's family. Patient 5 has multiple relatives with features of VACTERL association, though complete details are not available as the patient was adopted.
In terms of adult sequelae, 6 patients (55% of the total patient cohort, and 60% of the patients with vertebral anomalies) reported back pain associated with vertebral malformations. Five patients (45% of the total cohort and 100% of patients with imperforate anus/anal atresia) had adult sequelae of imperforate anus/anal atresia. Five patients (45% of the total cohort and 4/6, or 67% of those with TEF) reported dysphagia and/or reflux associated with TEF, as one patient who reported this issue did not have a TEF. Three patients (27% of the total cohort and 50% of patients with TEF) had pulmonary symptoms consistent with reactive airway disease, and 5 (45% of the total cohort, with 75% of patients who had a clear renal anomaly) had a history of UTIs and/or nephrolithiasis likely related to subtle renal anomalies, though only 1 (9% of the total cohort and 25% of patients with renal anomalies) had evidence of impaired renal function.
Individual Patient Descriptions
Patient 1*-Patient 1 is a 64-year-old male with VACTERL association with vertebral, cardiac, and possible renal anomalies. Adult sequelae include a ureteral stricture requiring surgical correction and numerous episodes of nephrolithiasis (>3,000 stones) secondary to idiopathic hypercalciuria and resulting in renal papillary dilation, calyceal damage, and impaired renal function. At age 26, he began experiencing severe lower back pain, which was refractory to laminectomy, medication, and implantation of a spinal cord stimulator, and which greatly limits his activities. He also has a history of a resting tremor, multiple hernias, chronic obstructive pulmonary disease (COPD) ascribed to tobacco use, and pulmonary hypertension. Family history is notable for VACTERL association in his daughter (Patient 2), but no similar findings in other relatives. Microarray (Illumina Omni1-Quad) was normal.
Patient 2*-Patient 2, the 35-year-old daughter of Patient 1, had vertebral anomalies and a TEF, as well as multiple (>30) UTIs but no obvious renal anomalies on imaging. Her TEF was repaired at birth, but required a repeat operation at age 4 years due to recurrence; she has had progressive difficulty swallowing both liquids and solids in her thirties, for which antireflux medication and balloon dilatation were ineffective. She has a history of asthma and a tremor similar to that of her father (and other paternal relatives). In adulthood, she was noted to have associated degenerative joint disease of the cervical spine, and reports back, shoulder, and neck pain, but it is unclear whether this is secondary to the vertebral anomalies, the tremor, or both. Microarray (Illumina Omni1-Quad) was normal.
Patient 3-Patient 3 is a 29-year-old female with vertebral anomalies, imperforate anus, recurrent UTIs with multiple hospitalizations for pyelonephritis, urinary incontinence, and the presence of uterus didelphys, for which she underwent reconstructive surgery. She does not have a true TEF, but a mild tracheoesophageal anomaly is suggested by numerous episodes of "spitting up" and "choking" as a child, which occasionally still occur. The scoliosis did not require bracing or surgery, but is associated with lower back pain exacerbated by lengthy standing. Sequelae of rectourinary anomalies are her main adult issue: she had a colostomy and pull-through procedure at age 2 years, one episode of intestinal blockage requiring hospitalization in her mid-twenties, and requires twice daily enemas. She had never seen a geneticist, has not had any genetic testing, and has no contributory family history.
Patient 4-Patient 4 is a 28-year-old female with vertebral anomalies, anal atresia with rectovaginal fistula, a cardiac defect, TEF, right renal agenesis, and limb anomalies. The scoliosis does not interfere with daily activities, but has resulted in asymmetry, making weight bearing difficult. The anal atresia was repaired during infancy without a colostomy, and she currently reports no issues with incontinence, though she has had to treat constipation medically. The ASD was repaired at age 4 years; she reports that despite copious physical activity during childhood, she is now relatively easily fatigued. She also has a history of bilateral inguinal hernias repaired at 3 months of age. She currently has pain in her wrists/hands, and has difficulty writing. She has no family history of similar features, and she had not seen a geneticist or obtained genetic testing other than a normal karyotype in early childhood.
Patient 5*-Patient 5 is a 28-year-old male with vertebral anomalies and a TEF. He has severe recurrent lower back pain lasting 1-3 days per month, limiting both work and recreational activities, and which is refractory to medical management. The TEF was repaired at two days of age; subsequent gastroesophageal reflux was managed with a Nissen fundoplication. He was diagnosed with tracheomalacia and reactive airway disease, both of which were severe during childhood; he currently reports occasional wheezing and inability to keep up with others during physical activity. Family history is notable for vertebral anomalies in his father, maternal uncle, and maternal grandmother and "collapsing trachea" in another maternal uncle and paternal grandmother (further specifics unavailable); and consideration of a mild, subtle variant of TEF in his 1-year-old son. Microarray (Illumina Omni1-Quad) was normal.
Patient 6*-Patient 6 is a 28-year-old female with vertebral anomalies, a cardiac malformation, and a TEF. Bilateral trochanteric surgery, required for hip dysplasia possibly related to scoliosis and characterized by short femoral necks and trochanteric overgrowth, was performed to improve motion. She reports back pain with exertion. An echocardiogram, performed as part of her research participation, revealed a persistent left superior vena cava. TEF sequelae include poor esophageal motility, difficulty swallowing, and occasional symptomatic gastroesophageal reflux. A barium enema demonstrated mild achalasia. She has had one episode of nephrolithiasis, but no known renal anomalies. Additional issues include hearing loss, thought to be related to childhood medication toxicity, and recurrent pneumonia in childhood. She had never previously seen a geneticist or had genetic testing, and family history is noncontributory.
Patient 7*-Patient 7 is a 52-year-old male with vertebral anomalies, imperforate anus, renal anomalies, and mild hypospadias. His imperforate anus was corrected immediately at birth without a colostomy. He is unable to work due to gastrointestinal issues, which have included obstructions, pseudo-obstructions, adhesions, and inadequate bowel control. Since adolescence, he reports episodes lasting several hours during which the frequency and volume of stools increase progressively; approximately twice annually, these episodes are accompanied by emesis, painful cramping, symptomatic anemia, light-headedness, and hematochezia of unknown etiology, requiring hospitalization. A defecogram revealed a small-caliber rectum with no muscular contractility, and pelvic MRI demonstrated absent muscle around the surgically created pseudo-rectum. Other medical issues include otosclerosis, for which he received bilateral stapedectomies; COPD ascribed to tobacco use; a history of an inguinal hernia; and infertility of unknown etiology. His family history is noncontributory. Microarray (Illumina Omni1-Quad) was normal.
Patient 8-Patient
, and septated uterus. She required bracing for scoliosis for one year and does not currently report frequent back pain or impairment of daily activities. Her TEF required two repairs in infancy, as the first repair failed and was complicated by scarring and strictures. She currently has poor esophageal motility, problems swallowing, gastroesophageal reflux, and a diagnosis of mild asthma. She has no affected relatives other than one female infant, her first cousin once removed, who had congenital malformations further details of which are unknown. She was originally seen by Quan and Smith as a neonate, but no genetic testing was reportedly done (and it is unclear if she were one of the patients originally described by these clinicians).
Patient 9-Patient 9 is a 52-year-old male with imperforate anus, cardiac anomalies, and renal anomalies. He underwent a colostomy repair in infancy with a subsequent pull-through procedure, and remains affected in adulthood by constipation, with over 10 hospitalizations for obstipation. His renal function has remained normal, as has cardiac function. His history also includes multiple lipomas requiring surgical excision and hearing loss ascribed to working in a noisy environment. His family history is noncontributory, and no genetic testing has been performed.
Patient 10*-Patient 10 is a 53 year-old male with vertebral anomalies, imperforate anus/ anal atresia (details unclear), and limb anomalies. Adult sequelae include decreased range of motion in his neck and back, as well as bowel irregularity managed medically. His grandson, through his daughter, has similar vertebral anomalies and imperforate anus, and he has other maternal relatives with similar malformations in an overall pattern consistent with X-linked inheritance. No genetic testing has been performed, though linkage analysis coupled with high-throughput sequencing of minimal critical regions via whole-exome sequencing has been initiated. Though Townes-Brocks is in the differential diagnosis (and SALL1 has not yet been tested) neither he nor his affected relatives have ear anomalies or hearing loss, and his relatives have features that are not typically seen in this condition.
Patient 11-Patient 11 is a 39-year-old female with vertebral anomalies, TEF, limb anomalies, and right postaxial polydactyly (further specific details unknown, though the patient is African-American, and the description appears consistent with the polydactyly variant more commonly observed in individuals of this ethnicity [41] ). She reported difficulty swallowing in childhood, with several choking episodes, persisting occasionally through adulthood. Additionally, she limits her choices of foods and notices mucus buildup during cold weather and dysphagia associated with respiratory infections. This patient is lost to follow-up, and further details are unknown.
Discussion
The patients we describe shed light on VACTERL association outside of the pediatric period. In our experience, patients and families with features of VACTERL association are told very little about long-term prognoses and outcomes, perhaps due to a dearth of published information. Because of this, we feel that a descriptive case series such as is presented here can be a valuable resource for both medical caregivers and for affected patients and families.
Overall, the patients reported here demonstrate two central points. First, medically significant malformations that are component features of VACTERL association, especially those affecting the vertebrae, heart, and kidneys, may not be ascertained until adulthood. Strikingly, almost one-quarter of malformations that are core component features of VACTERL association were not identified until after childhood, and in over half of patients, the diagnosis of VACTERL association was not made until adulthood, though this may very well be due to the fact that the condition now termed VACTERL association was first described after many patients described here were born. Currently, greater awareness of VACTERL association and similar conditions may result in improved ascertainment of malformations. Some anomalies, such as TEF or imperforate anus, are usually obvious in the neonatal period, but in many of our patients, other malformations were only noted later in life as an incidental finding, as in one case when an X-ray was performed after a coincidental traumatic injury. In our cohort, these late-diagnosed malformations resulted in medically significant issues later in life, such as debilitating back pain related to vertebral anomalies, or unilateral renal agenesis with a dysplastic remaining kidney or the presence of a cardiac malformation necessitating careful follow-up of renal or cardiac function. It is thus important for medical professionals such as practitioners of general/family medicine, internal medicine, and other specialists who regularly see adult patients to be aware of conditions like VACTERL association that have traditionally been the purview of pediatricians and pediatric subspecialists.
Second, the experiences of adult patients with features of VACTERL association indicate that in many patients, medical sequelae of the primary malformations persist or are first reported in adulthood. The majority of patients with vertebral malformations continued to experience back, shoulder, and/or neck pain, which was particularly severe in two patients. The typical age of onset of back pain in our cohort was lower than that in the general population [10] , and though our cohort is small, the severity of the initial vertebral malformations did not appear qualitatively greater in patients with severe back pain. In view of these observations, we recommend that all patients with vertebral anomalies continue to have this issue carefully followed in adulthood, with a low threshold for referral for further management.
In terms of anal anomalies, it is well established that sequelae of imperforate anus/anal atresia can be debilitating [20] . Several patients report complications such as severe constipation and intestinal blockage requiring hospitalizations. Functional stooling problems and poor quality of life persisted in many children treated for anorectal malformations, and quality of life may worsen with age [13] . Attention to these issues in adults with VACTERL association, as well as up-to-date knowledge of the continuously emerging surgical options for incontinence [5] and non-surgical options such as biofeedback therapy [42] , may be helpful.
While a spectrum of renal issues exists in many patients -and admittedly, some patients have renal issues but no identified structural renal anomaly -the most commonly observed medical problems are nephrolithiasis and UTIs (in both genders). This may be explained by findings in a small previous study, in which 43% of pediatric patients with genitourinary involvement had severe urinary tract reflux, which can cause kidneys stones and UTIs [37] . Although our group only included one patient with impaired renal function, many patients with VACTERL association survive into adulthood with renal anomalies that can cause chronic kidney disease and associated morbidities [1] .
In patients with repaired TEF, problems such as dysphagia, choking, and gastroesophageal reflux can be attributed to poor esophageal motility, while respiratory issues may include reactive airway disease and tracheomalacia. These issues may relate to sequelae of the TEF itself, to surgical repair of the TEF, or to underlying cellular differences. The presence of these issues is unsurprising: in several analyses of morbidity and mortality associated with TEF/EA, many patients have been documented with recurrent respiratory infections, dyspnea, dysphagia, gastroesophageal reflux, tracheomalacia, and an increased risk of esophageal malignancy [9, 12, 21, 31, 33] . The presence of formally diagnosed asthma in patients with repaired TEF is less well established: while wheezing and other respiratory symptoms are often documented, it is not always clear whether patients meet criteria for the diagnosis of asthma or if the symptoms are attributable to effects of the TEF [19] . Several quality of life studies show that most survivors of TEF/EA repair enjoy a normal quality of life [12, 17, 38] .
Despite these conclusions, major limiting factors of this study include its retrospective nature, which may create an undue emphasis on more severe cases, and lack of uniform examination, both in contrast to the cohort followed by Wheeler and Weaver approximately 20 years after initial ascertainment [40] . In addition, in the absence of uniformly applied diagnostic criteria, it is difficult to ascertain how accurately the patients in our cohort and those in Wheeler and Weaver's cohort represent the entire population of affected patients. In agreement with the conclusions of Wheeler and Weaver, our patients have normal intelligence and can live independently. Our findings echo common themes regarding complications of anal and genital anomalies that could lead to infertility. Unlike Wheeler and Weaver's study, our analysis highlights other sequelae, such as those relating to vertebral malformations (e.g., back pain), TEF (e.g. gastroesopheal reflux and reactive airway disease), and renal anomalies (e.g. nephrolithiasis and UTIs). The patients in our cohort were not smaller in size than average. Interestingly, as in the previous study, hearing loss was reported in several patients in our cohort, though explanations (e.g., neonatal medication toxicity, working in environments with loud noises) did not necessarily suggest a pathogenic process related to VACTERL association or overlapping disorders among our patients.
We hope that improved care will result from anticipation of the issues described here. Because VACTERL association may be less familiar to adult practitioners, it is important for older patients to continue seeing caregivers who are knowledgeable about the condition. Additionally, as medically significant findings in patients with VACTERL association may be missed unless a comprehensive clinical work-up is performed, we suggest that patients in whom a diagnosis of VACTERL association is considered undergo testing and/or examination for the presence of each of the core component features, with the following initial testing at a minimum: a thorough history and physical examination by a clinician familiar with the condition, X-rays of the entire spine with consideration of spinal MRI and/ or ultrasound, echocardiogram, and renal ultrasound with blood and urine testing for renal function. As previous studies have suggested, and which is echoed in the patients described here, clinicians should also be aware that component features of VACTERL association are more common in relatives of patients than in the general population; thus, a careful family history with further work-up as medically indicated is advised in family members of affected patients [32] . Finally, as patients age, clinicians should continue to maintain a low threshold for considering and working up the common medical issues described in our cohort.
Conclusions
Medically significant malformations in patients with VACTERL association may not be ascertained until adulthood. Patients may experience long-term sequelae that may not be evident until adulthood or which are different in nature from the issues they experienced in childhood. These outcomes are not completely predictable by the type and initial severity of component features of VACTERL association in each patient. A more uniform diagnostic work-up is advised in patients in whom a diagnosis of VACTERL association is considered. 
